A flourishing line of evidence has highlighted the encoding of speech sounds in the subcortical auditory system as being shaped by acoustic, linguistic, and musical experience and training. And while the heritability of auditory speech as well as nonspeech processing has been suggested, the genetic determinants of subcortical speech processing have not yet been uncovered. Here, we postulated that the serotonin transporter-linked polymorphic region (5-HTTLPR), a common functional polymorphism located in the promoter region of the serotonin transporter gene (SLC6A4), is implicated in speech encoding in the human subcortical auditory pathway. Serotonin has been shown as essential for modulating the brain response to sound both cortically and subcortically, yet the genetic factors regulating this modulation regarding speech sounds have not been disclosed. We recorded the frequency following response, a biomarker of the neural tracking of speech sounds in the subcortical auditory pathway, and cortical evoked potentials in 58 participants elicited to the syllable /ba/, which was presented Ͼ2000 times. Participants with low serotonin transporter expression had higher signal-to-noise ratios as well as a higher pitch strength representation of the periodic part of the syllable than participants with medium to high expression, possibly by tuning synaptic activity to the stimulus features and hence a more efficient suppression of noise. These results imply the 5-HTTLPR in subcortical auditory speech encoding and add an important, genetically determined layer to the factors shaping the human subcortical response to speech sounds.
Introduction
Why do some people have a better ear for music and some learn to pronounce a new language so much better than others? Clearly, individuals differ in their musical ability, and in their capacity to learn a new language and to correctly pronounce it (Díaz et al., 2008) . More generally, it could be said that people differ in their capacity for sound and, importantly, speech perception (Pallier et al., 1997 ). An accurate and fine-grained neural representation of the sound signal is the basis for speech perception.
The subcortical auditory pathway has been shown to encode acoustic features of speech and nonspeech stimuli with great accuracy (Skoe and Kraus, 2010a) . Even in the typically developing population, however, the strength with which features important for language perception are represented varies systematically with language and reading competence (Banai et al., 2009; Hornickel et al., 2009 Hornickel et al., , 2011 . Moreover, the auditory brainstem response, comprising both the transient and the periodic frequency following response (FFR) to sound, has been shown to be altered in children with specific language impairment (Basu et al., 2010) , attention deficit disorder with hyperactivity (Jafari et al., 2015) , and auditory processing disorder (Rocha-Muniz et al., 2012) . In preschooler children, it has been proposed as a biomarker to predict literacy (WhiteSchwoch et al., 2015) .
The FFR is a neural response to periodic sounds that can be recorded from the human scalp (Chandrasekaran and Kraus, 2010) , and whose generators have been attributed to auditory brainstem nuclei, particularly the inferior colliculus (IC; Smith et al., 1975; Møller et al. 1988 ), yet a cortical contribution cannot be disregarded for certain stimulus characteristics (Coffey et al., 2016) . It faithfully reflects the envelope and frequency contents of sounds. The FFR grants a noninvasive, objective means for examining the neural encoding of sound at subcortical stages of the auditory pathway. These nuclei play an important role as a computational hub, receiving bottom-up auditory input from brainstem structures, as well as direct cortigofugal feedback projections from the auditory cortex. Remarkably, the fidelity with which the ascending auditory pathway represents the physical characteristics of sounds in the FFR is experience dependent, as musical training (Parbery-Clark et al., 2013) , bilingualism (Krizman et al., 2012) , the socioeconomic status of the person (Skoe et al., 2013a) , and the context in which a stimulus is presented (Skoe and Kraus, 2010b) shape the subcortical response to sound. It has been hypothesized that increased variability in the FFR leads to a compromised interaction between sensory and cognitive processing, resulting in disparities in cognitive abilities between individuals (Skoe et al., 2013a) . Whether genetic factors contribute to individual differences regarding sound processing at a subcortical level, however, has not been established so far.
It has been shown that the IC receives major serotonergic innervation originating in the raphe nuclei (Klepper and Herbert, 1991; Hurley and Pollak, 1999) . This suggests that serotonin [5-hydroxytryptamine (5-HT)] is crucial for the modulation of information processing in the ascending auditory pathway (Obara et al., 2014) . In particular, animal studies have demonstrated that serotonin alters multiple aspects of the neural response to sound. Not only does it change the number of spikes evoked by auditory stimuli Pollak, 1999, 2001 ), but also the latency and precision of initial spikes and the timing of spike trains and therefore all response properties contributing to the encoding of sensory stimuli (Hurley and Pollak, 2005) . As the serotonin transporter [5-HT transporter (5-HTT)] is considered to be crucial for the regulation of serotonin availability and a common functional polymorphism has been identified in the serotonin transporter gene (SLC6A4; Heils et al., 1996) , we hypothesized that it might be implicated in subcortical auditory processing.
The aim of this study was to determine whether the 5-HTT linked polymorphic region (5-HTTLPR) is involved in speech encoding at subcortical stages. Two measures of encoding accuracy and robustness of neural phase locking to the stimulus periodicity, namely, the signal-to-noise ratio (SNR) and pitch strength, revealed a more finely tuned auditory processing at subcortical stages for individuals with low serotonin transporter expression compared with those with medium to high expression.
Materials and Methods

Participants
Seventy-nine young adults ranging in age from 18 to 31 years [mean (ϮSEM) age, 22.32 Ϯ 3.28 years; 59 females] participated in the study. They were mostly psychology students, recruited from a larger sample of volunteers who were interviewed according to an adapted version of the Clinical Interview of the Diagnostic and Statistical Manual of Mental Disorders, fourth edition, for the exclusion of participants with neurological or psychiatric illness or drug consumption. Participants were compensated economically for their time (ϳ7€/h). All participants gave their written informed consent at each phase of the study (interview, buccal cell extraction, and EEG recordings), according to the Declaration of Helsinki and approved by the Bioethics Committee of the University of Barcelona. Before the recording session, participants completed the State and Trait Anxiety inventory (Spielberger et al., 1988 ) and a questionnaire regarding musical experience. All participants had normal or correctedto-normal vision and normal audition as assessed at the beginning of the recording session with a standard pure-tone audiometry using DT48-A headphones (Beyerdynamic). After exclusion by diagnostic criteria and after obtaining the 5-HTTLPR polymorphism, participants were invited for an EEG recording session. A total of 21 participants were excluded, as follows: 5-HTTLPR testing was inconclusive for 14 participants; 5 participants had very low SNRs (Յ2); and 2 more participants had other technical issues regarding their EEG recordings.
Genotyping
Samples were collected using buccal cell cheek swabs (BuccalAmp DNA Extraction Kit, Epicentre), and DNA was extracted following manufacturer specifications. DNA samples were sent to an external genomics core facility (Progenika Biopharma) to determine genetic variants.
The 5-HTTLPR is a variable repeat sequence in the promoter region of the SLC6A4 gene. There are two allelic variants of this region: a short (S) variant comprising 14 copies of a 20 -23 bp irregular repeat unit, and a long (L) variant comprising 16 copies. The 5-HTT removes 5-HT released into the synaptic cleft. Being a carrier of either the S or the L allele results in differential 5-HTT expression (Heils et al., 1996) . Presence of the S allele is associated with reduced transcriptional activity and 5-HTT expression, relative to the L allele (Lesch et al., 1996) , and therefore an increased availability of 5-HT in the synaptic cleft. Additionally, the L allele contains an A/G single nucleotide polymorphism (SNP; rs25531) which may render the L G allele functionally similar to the S allele (Hu et al., 2005) .
Both the 5-HTTLPR (rs63749047) and the A/G SNP (rs25531) were determined through PCR amplification, digestion with the restriction enzyme Mspl, and migration in an agarose gel. Digestion was performed via incubation of 10 l of the PCR product with 5 U of Mspl (New England Biolabs) for 1.5 h at 37°C. The PCR products and digestion were run in 2.5% agarose gels and separated through electrophoresis. Visualization took place in a UV transilluminator through SYBR Safe staining.
Thus, genotypes resulting from either the L or S allele and the A/G SNP contained in the L allele could be one of the following six: and S/S (Hu et al., 2005) . The participants were initially assigned to one of three groups according to their level of 5-HTT expression, as follows:
and high (L A /L A ; 14 participants). As pairwise comparisons did not yield any statistically significant differences regarding SNR ( p ϭ 0.93) and autocorrelation ( p ϭ 0.86) for the medium-expressing and the high-expressing groups, these participants were pooled together in one group (medium-high-expressing group, 35 participants).
Stimuli
Brainstem responses were recorded in response to the consonant-vowel syllable /ba/, which was generated with the Klatt speech synthesizer (Klatt, 1980) and designed as in the study by Slabu et al. (2012; Fig. 1A) . The stimulus had a duration of 170 ms and a fundamental frequency (F 0 ) of 100 Hz. The third (F3), fourth (F4), and fifth (F5) formants were set to 2900, 3500, and 4900 Hz, respectively. To elicit a large onset response, the first 5 ms included a rapid glide in the first (F1; from 400 to 1700 Hz) and second (F2; from 1700 to 1240 Hz) formant. As sounds never occur in isolation, for a more natural listening situation, and as differences between participants in signal extraction accuracy have been shown especially during challenging listening conditions (Song et al., 2011), a looped semantically anomalous speech babble was played in the background, 10 dB SPL softer than the syllable. The babble was recorded in a sound-attenuated booth, at a 44 kHz sampling rate and 16 bit accuracy using Audacity Software. It consisted in a short, semantically anomalous text, which was read in a natural and conversational manner by six native Spanish speakers (two male, four female), and then circularly looped with each speaker starting 10 s after the previous one and normalized off-line by root mean square (rms) amplitude normalization in Matlab version 7.4 (MathWorks; RRID: SCR_001622). To avoid any kind of interaction with the response to the syllable, the babble was looped with no silent intervals and the stimulation with the syllable started at a random phase of the babble.
The syllable was presented binaurally, with alternating polarities via ER-3A ABR insert earphones (Etymotic Research) at an intensity of 80 dB SPL and in the following two different timing conditions: constant and jittered stimulus onset asynchrony (SOA). In the constant condition, the SOA was set to 300 ms, while it ranged from 256 to 344 ms in the jittered condition (mean SOA, 300 ms). On the whole, 1008 trails/condition were presented in two separate blocks (the order of blocks was randomized across participants). Each block lasted ϳ5 min, and participants were allowed to rest between blocks. During the whole recording session, participants sat in a comfortable chair, in an acoustically and electrically shielded room. As brainstem responses to sound are of a preattentive nature, participants were instructed to relax and focus on a silent movie with subtitles, while ignoring the auditory stimulation.
EEG recordings
The FFRs and cortical responses were extracted from continuous EEG recordings, acquired with a SynAmpsRT amplifier (Compumedics Neuroscan) and Scan version 4.4 software (Compumedics Neuroscan). Data were recorded from 36 scalp Ag/AgCl electrodes mounted in a nylon cap (Quick-Cap, Compumedics Neuroscan) at the standard 10 -20 system locations. Two additional electrodes were positioned at the left and the right mastoids (M1 and M2, respectively). The electrooculogram (EOG) was measured with two bipolar electrodes placed above and below the left eye, and two horizontal electrodes placed on the outer canthi of the eyes. The ground electrode was located between Fz and FPz, and the right earlobe (A2) served as the on-line reference. All impedances were kept to Ͻ10 k⍀ during the whole recording session, and data were on-line bandpass filtered from 0.05 to 3000 Hz and digitized with a sampling rate of 20 kHz.
Data processing and analyses
FFRs. Data analysis was performed off-line using EEGlab version 7 toolbox (Delorme and Makeig, 2004; RRID: SCR_007292) running under Matlab version 2012a. The continuous recordings extracted from the CPz electrode were filtered off-line with a bandpass Kaiser window finite impulse response filter from 70 to 1500 Hz and epoched from 40 ms before the stimulus onset to 180 ms after stimulus onset.
An independent component analysis second-order blind identification (SOBI; Delorme and Makeig, 2004; Delorme et al., 2007) procedure was implemented to clean the recorded EEG from artifacts and to retain the signal activity corresponding to the FFR only. This was applied for each participant separately, on demeaned and detrended epochs of 10 -170 ms from sound onset. All of the EEG and EOG channels were used in this step, and a total of 1008 epochs per condition were created. All epochs possibly containing artifacts were removed from the dataset via the automatic rejection algorithm implemented in EEGLAB (i.e., epochs with amplitudes exceeding Ϯ95 V), and epochs where the peak-to-peak values were exceeding 150 V were removed from each participant's data (up to a maximum of 30% of all epochs). The cleaned data were input into the SOBI algorithm, and 40 independent components were found for each subject. Component activations were averaged, windowed with a Hanning taper, and zero padded to obtain a resolution of 1 Hz/bin, then fast Fourier transform (FFT) was computed on each of the components. First, the signal was estimated by reading out mean power values corresponding to a 10 Hz window around the fundamental frequency (100 Hz). Then an estimation of the baseline (noise) was performed, by taking the mean power value of a 10 Hz window on each side of the selected peak (with a separation of 20 Hz from the peak). Next, the SNR was calculated to select only components in which the amplitude of the signal at the frequency of interest was larger than the amplitude of the noise (according to an F test; significance level p Ͻ 0.05). All remaining components were treated as irrelevant for FFR analysis and pruned. On average, 36 components were retained for each subject. Finally, weights corresponding to FFR components were applied to the initially created epochs. The epochs were baseline corrected to a 40 ms interval preceding the sound onset (Russo et al., 2008) .
Responses to stimuli of alternating polarities were averaged together to minimize stimulus artifacts and cochlear microphonic, preserving the FFR to the stimulus envelope (Aiken and Picton, 2008) . In the FFR to the Participants were presented with the consonant-vowel syllable /ba/ with a duration of 170 ms. The fundamental frequency was 100 Hz, while the third, fourth, and fifth formants were set to 2900, 3500, and 4900 Hz respectively. The syllable was presented at 80 dB SPL over a 10 dB SPL lower looped semantically anomalous speech babble in either a constant (SOA, 300 ms) or a jittered (SOA, 256 -344 ms; mean SOA, 300 ms) condition. B, FFR grand average. Left, FFR responses for both conditions, measured at the CPz electrode. The steady-state part on which we focused in our analyses is highlighted in gray. Right, Power spectrum of the FFR for both timing conditions with slightly, but not significantly higher power in the constant condition.
syllable, two parts can be distinguished: the consonant-vowel transition (10 -65 ms), which poses a particular perceptual challenge to the listener (Assmann and Summerfield, 2004) ; and the steady-state part corresponding to the processing of the vowel (65-179 ms), which is characterized by constant temporal features (Song et al., 2011) .
Epochs for the constant and the random blocks were averaged separately, and the grand average was calculated. To examine the FFR in the frequency domain, FFT (Cooley and Tukey, 1964) was applied to demeaned, zero-padded (1 Hz resolution) averages, windowed with a Hanning taper. The mean response amplitude was computed using a 10 Hz window surrounding F 0 (90 -110 Hz) and the subsequent three harmonics: H2, H3, and H4. Higher harmonic components were not reliably present in all subjects; therefore, only the response to F 0 was statistically analyzed. As an index for response robustness, the SNR was determined by calculating the mean value of noise in a window of 10 Hz on either side of the peak, with a separation of 20 Hz between the window surrounding the peak and the window taken for noise, and subsequently dividing the mean signal value (power; e.g., squared amplitude) by the mean noise value. Overall condition and genetic effects were assessed by means of a two-way repeated-measures ANOVA with the within-subjects factor timing (constant vs jittered) and the between-subjects factor 5-HTT expression (low vs medium-high). Years of musical training were introduced to the ANOVA as a covariate. As the experimental manipulation of presentation timing of the syllable did not yield any significant results (SNR: F (1,65) ϭ 0.04, p ϭ 0.83; pitch strength: F (1,65) ϭ 1.3, p ϭ 0.26), we merged these two conditions. To exclude the possibility that differences in the prestimulus activity between groups could account for any measured effect, we calculated the rms values for both groups (mean Ϯ SEM: low-expression group, 0.232 Ϯ 0.027; medium-high-expression group, 0.267 Ϯ 0.022) and found no significant difference (F (1,65) ϭ 0.714; p ϭ 0.493).
Pitch is an important psychoacoustic perceptual attribute for language as well as music processing. The perceived pitch is closely related to the periodicity of the acoustic stimulus waveform (Shofner, 2002) . Therefore, pitch strength is a measure of response periodicity, indicating the robustness of neural phase locking to the stimulus F 0 contour. To determine the pitch strength of the response for the different genetic groups, autocorrelation analysis was performed. Periodicity is most often quantified by the fundamental frequency, which is the number of times the period repeats in 1 s. For quantifying the neural pitch strength, the average response of each subject was copied, the copy delayed, and the crosscorrelation for the original and the delayed copy was computed by applying a short-term correlation analysis with a 40 ms sliding window and a step size of 1 ms to find the highest peak in the correlation at the time shift equal to the period (Boersma, 1993; Krishnan et al., 2005 Krishnan et al., , 2010 Jeng et al., 2011a Jeng et al., , 2011b . Correlation is maximal at time lag 0, as the signal and its copy are identical. Furthermore, in the case of a periodic signal, the correlation is high for a time shift equal to the period. Hence, periodic sounds have a peak in the correlation at time shifts corresponding to the period (and multiples of the period). In our case, a peak was found at a time lag of 10 ms, corresponding to the F 0 of the sound (frequency ϭ 1/periodicity, so 100 Hz ϭ 1/10 ms). To account for the transmission delay of the headphones, as well as neural delay, the analysis of the responses started at 15 ms. Pitch strength values were Fisher transformed, and averaged and analyzed with a two-way repeated-measures ANOVA with the within-subject factor condition (constant, jittered) the between-subjects factor 5-HTT expression (low and medium to high). The Greenhouse-Geisser correction was applied whenever the assumption of sphericity was violated.
Cortical responses. To obtain cortical responses, we downsampled the data to 500 Hz, reaveraged to the average reference, applied a digital bandpass filter from 0.5 to 35 Hz, and averaged the resulting long-latency auditory-evoked potentials for both timing conditions off-line in epochs ranging from Ϫ40 to 300 ms. All epochs in which the signal exceeded Ϯ100 Hz were rejected as containing artifacts. Seven subjects were excluded from analyses as Ͼ25% of all trials were rejected. Grand averages for both groups were computed. The resulting cortical potentials showed no prominent N1 response, probably due to the fast presentation rate (Tremblay et al., 2001 ), which is not optimal for the extraction of cortical potentials due to the refractory period of neurons in the auditory cortex. We performed a two-way nonparametric permutation ANOVA with the within-subjects factor timing (constant vs jittered) and the betweensubjects factor 5-HTT expression (low vs medium to high) to objectively assess whether differences between conditions and groups existed at any time point or electrode. This method prevents from incurring circular analysis of the data (double dipping) by selecting electrodes and time windows (e.g., from difference waveforms) maximizing the observed effect (Kriegeskorte et al., 2009 ). Also, this approach ensures that no significant differences are observed in the baseline, and it effectively corrects for multiple comparisons. We set significance to p ϭ 0.05, then lowered it to p ϭ 0.01 and performed 4000 permutations, applying the false discovery rate correction for multiple comparisons. There was no significant difference between groups. Further permutation analysis with a less stringent criterion (2000 and 1000 permutations instead of the initial 4000) also failed to reveal any significant effects of group on cortical potentials. As the auditory response has been shown to adapt with stimulus repetition (Haenschel et al., 2005) , we performed the analyses twice, once for all trials and once for the 100 first trials. Again, as there were no main effects of the timing condition or any interaction effect, we merged the two timing conditions.
Results
We recorded the FFR and cortical responses of 79 healthy young adults to a consonant-vowel syllable (/ba/; F 0 ϭ 100 Hz), presented in an either constant or jittered timing condition ( Fig. 1) and in a challenging listening context, over a multispeaker background speech babble. Beforehand, we had determined the allelic variation of the 5-HTTLPR from all participants and formed two groups according to serotonin transporter expression: one group with low and one group with medium-high serotonin transporter expression. As a measure of response robustness, we analyzed the SNR of the FFR to the F 0 of the stimulus. A higher SNR implies that the neural response to the stimulus, in this case the syllable /ba/, is more precise, either due to a gain in the response to the stimulus or due to a more successful suppression of surrounding noise. Moreover, we copied part of the periodic steadystate response signal and then compared it to a time-shifted part of itself to determine periodicity, an indicator for pitch strength. To investigate whether the 5-HTTLPR polymorphism would also influence sound processing at the cortical level, we extracted and analyzed long-latency auditory-evoked potentials. A nonparametric two-way ANOVA with the factors timing (constant vs jittered) and 5-HTTLPR expression (low vs medium to high) was performed on all trials and just on the first 100 trials of each condition. Participants watched a silent movie during the experiment.
Grand average FFRs for both the constant and the jittered conditions are shown in Figure 2 . We found a main effect for the between-subjects factor 5-HTT expression (F (2,65) ϭ 5.71; p ϭ 0.005; 2 ϭ 0.15) with higher SNRs for the low-expression group (mean Ϯ SEM: low-expression group, 48.55 Ϯ 8.02; mediumhigh-expression group, 16.63 Ϯ 6.5) for the steady-state vowel part of the response. There was no significant difference for the consonant-vowel transition (F (2,65) ϭ 0.64; p ϭ 0.53), nor did years of musical training influence the SNR (F (1,54) ϭ 0.53; p ϭ 0.47). Pitch strength differed significantly between the low-and medium-high-expressing groups (F (2,65) ϭ 4.45; p ϭ 0.016; 2 ϭ 0.12), with higher autocorrelation values for the low-expressing group than for the medium-high-expressing group (0.88 Ϯ 0.06 and 0.68 Ϯ 0.05, respectively).
Grand average cortical potentials and scalp distribution maps for the two prominent peaks in the cortical response for both groups are shown in Figure 3 . There were no significant differences between groups, with neither taking into account all trials nor considering only the first 100 trials. These results suggest that genetically determined 5-HTT expression influences the faithful neural representation at a subcortical level of the processing hierarchy, with independent cortical processing. However, since recording parameters, particularly the presentation rate of 3 Hz, were suboptimal for acquiring cortical potentials, caution is required in interpreting these results.
Discussion
The present study revealed that individuals with lower serotonin transporter expression, compared with individuals with medium to high expression had higher signal-to-noise ratios in the frequency following a response to the vowel of the syllable (/ba/), as well as higher pitch strength for their subcortical neuronal responses, both pointing toward a sharper speech signal extraction in the subcortical auditory pathway. The lack of significant results at cortical level indicates the specificity of the influence of 5-HTT expression to the subcortical neuronal representation of a sound, rather than its more abstract cortical processing. Although previous studies have shown the importance of serotonin for auditory perception, the 5-HTTLPR had not been previously implicated in speech signal extraction at subcortical stages as an important mechanism for language and music perception. The influence of genetics on both speech (Morell et al., 2007) and nonspeech auditory processing (Brewer et al., 2016) has been suggested by twin studies, which have shown that auditory processing is highly determined by the individual genetic makeup.
Former studies have linked serotonin to auditory disorders, such as tinnitus (Norena et al., 1999; Simpson and Davies, 2000; Caperton and Thompson, 2011) and hyperacusis (Marriage and Barnes, 1995; Attri and Nagarkar, 2010) , and the auditory symptoms of psychiatric disorders, such as an altered loudness dependence of auditory-evoked potentials in schizophrenia Park et al., 2010 Park et al., , 2015 , and to differential auditory brain responses in depression (Gopal et al., 2000 (Gopal et al., , 2005 Chen et al., 2002; Kampf-Sherf et al., 2004 ; brainstem response waveforms, loudness levels, and long-latency auditoryevoked potentials N1 and P2). Variations in the serotonin level have been linked to auditory processing at the cortex, where changes in endogenous serotonin availability have been shown to The SNR for the low 5-HTT-expressing group was significantly higher than for the medium-high-expressing group (mean Ϯ SEM: low-expressing group, 48.55 Ϯ 8.02; medium-high-expressing group, 16.63 Ϯ 6.5; p ϭ 0.005), and pitch strength was significantly higher for that group (0.88 Ϯ 0.06 and 0.68 Ϯ 0.05, respectively; p ϭ 0.016). C, Pitch strength. Autorcorrelogram functions for the genetic groups. The grand average of the response for each group has been copied, and this copy was delayed to obtain autocorrelograms indicating pitch strength. The x-axis values refer to the center of each window (e.g., window 1 at 40 ms, window 2 at 41 ms), and the y-axis values refer to the time lag of the autocorrelation function. The pitch strength at the time lag of 10 ms, corresponding to the fundamental frequency of the stimulus, is significantly higher for the low-serotonin transporter expression group than for the medium-high-expression group.
influence the amplitude of the N1/P2 auditory-evoked component (Manjarrez et al., 2005) , as well as the loudness dependence of this component Pogarell et al., 2008) . Drugs related to the release of serotonin and dopamine significantly reduced P300 amplitude in a further study (Lee et al., 2016) .
While we identified no previous study implying the 5-HTTLPR in speech encoding, serotonin has been linked to auditory processing downstreamofthecortex,intheauditorybrainstemand,particularly,in the IC. Different methodological approaches ranging from histological to immunohistochemical, to chromatographic techniques and electrical as well as chemical stimulation have corroborated the existence of serotonergic fibers in the IC of different mammalian species (Moore et al., 1978; Klepper and Herbert, 1991; Keesom and Hurley, 2016) . The neuromodulator in the IC that has received the most attention is serotonin. In general, the presence of serotonin in the IC is considered essential to modulate the brain response to auditory stimuli (Hurley and Pollak, 1999 Hurley and Hall, 2011; Obara et al., 2014; Lavezzi et al., 2015) . Postmortem studies in humans have shown high densities of serotonergic fibers, especially in the central nucleus of the IC (Lavezzi et al., 2015) . Serotonin receptors fall into seven main families, and members of at least the 5-HT1 (Chalmers and Watson, 1991; Pompeiano et al., 1992; Thompson et al., 1994; Wright et al., 1995 ), 5-HT2 (Wright et al., 1995 , 5-HT3 (Bohorquez and Hurley, 2009), 5-HT4 (Waeber et al., 1994) , and 5-HT7 (To et al., 1995) families have been found in auditory neurons of the IC. There is suggestive evidence that serotonin influences acoustic processing in the IC by modulating the tone of activity of GABAergic inhibitory interneurons (Peruzzi and Dut, 2004; Obara et al., 2014) . When serotonin is applied endogenously or exogenously, usually a suppression or decrease in the amplitude of evoked responses and spontaneous activity in the IC is observed (Hurley and Pollak, 1999) . Functionally, this suppression might result in an increased selectivity of responses to auditory stimuli (Hurley and Sullivan, 2012) , possibly leading to a more robust neural response by tuning synaptic activity to the stimulus properties and decreasing the representation of noise, as observed in the present study. Coffey et al. (2016) suggested in a recent article that although the FFR is originated mainly in subcortical nuclei, there might exist cortical contributions to the signal as well. The F 0 of 100 Hz of the syllable used in this study might well be within the phaselocking capabilities of single neurons of the cortex. Nevertheless, although cortical activity might contribute to the FFR, we found no difference between groups in the cortical response to the stimulus, indicating that genetically mediated 5-HTT expression possibly only affects the auditory processing at an early, subcortical level. This should be confirmed, however, by future studies with a slower stimulus presentation rate, which is more suitable for the extraction of cortical potentials.
It has been stated that individual differences in auditory function can be observed even in typically developing individuals (Chandrasekaran et al., 2012; Hairston et al., 2013; Skoe et al., 2013b) , and the ultimate determinants for subcortical differences may arise from a combination of environmental and genetic factors (Chandrasekaran et al., 2012 ). Different models of how acoustic experience and auditory training mold the subcortical processing of sound have been proposed (Krishnan and Gandour, 2009; Kraus and Chandrasekaran, 2010; Patel, 2011) . These converge in the so-called "layering hypothesis" (Skoe and Chandrasekaran, 2014 ), a recent proposal for how auditory function is shaped by different types of experience at different time scales (from seconds to years) and taking into account the metaplasticity of the system. The layering hypothesis states that not only cortical, but also subcortical auditory processing is influenced by the specific auditory experience of each individual, resulting in individual differences in auditory function (Chandrasekaran et al., 2012; Hairston et al., 2013; Skoe et al., 2013b) . Our results show that common variants in the 5-HTTLPR influence the robustness and accuracy of speech encoding at subcortical stages, and could therefore constrain or expand the extent to which experience can shape the structure and function of the subcortical auditory pathway. The scope of this influence yet has to be determined, and eventually may entail a complex interplay both with other genes and the environmental factors that have been disclosed so far (Skoe and Chandrasekaran, 2014) . Because a large range of studies has shown that encoding accuracy at subcortical stages is experience dependent and can be trained (for review, see Skoe and Chandrasekaran, 2014) , special attention might be given at an early developmental stage to individuals with medium to high 5-HTT expression, a possible genetically determined difficulty for auditory processing that may be counterbalanced by musical or other specific auditory training. This may be of interest, for example, regarding the auditory processing disorder, in which the major symptom is a difficulty in efficiently extracting speech from noise despite normal hearing sensitivity (Rosen et al., 2010) . The prevalence of this disorder is especially high in the pediatric population (in combination with cooccurring learning disorders, it is estimated to be as high as 10%; Brewer et al., 2016) , and the identification of the genetic and neurophysiologic underpinnings might significantly contribute to the understanding of the disorder and yield to early intervention. Our study identifies the 5-HTTLPR as being implicated in auditory encoding. Whether it might be involved in the genetic predisposition to the disorder, eventually in combination with other genes and influenced by acoustic experience, cannot be answered by the present study, and remains an interesting question for future studies.
On the other hand, it is of note that a number of studies have revealed cognitive advantages for individuals carrying the short allele of the 5-HTTLPR (Roiser et al., 2007; Borg et al., 2009; Enge et al., 2011) , which in the present study were shown to have a more accurate speech sound encoding at subcortical stages. Since a relation between the auditory brainstem responses, including the FFR, and higher-order cognitive functions, such as rapid learning (Skoe et al., 2013b) , reading abilities (Hornickel and Kraus, 2013) , and executive function (Krizman et al., 2012) , has been established, we are tempted to suggest the FFR to complex speech sounds as an intermediate phenotype not only for auditory processing, but eventually for a range of specific cognitive assets.
We believe our results pave the way for a series of questions for future research. As it has been shown that the FFR is plastic and experience dependent, it would be interesting to study the potential interactions between carrying specific allelic variants of the 5-HTTLPR and musical experience or bilingualism, for instance. In addition, it may turn out that the 5-HTTLPR is implicated in specific clinical groups involving several types of speech impairments, such as in stuttering, which has been linked not only to production, but also to auditory perception (Corbera et al., 2005) and dyslexia. While awaiting future confirmation, our results point to a higher ratio of individuals with medium to high serotonin transporter expression in these groups than in the general population. Likewise, low 5-HTT expression might result in an advantage for musical ability or a better achievement in the correct pronunciation of a newly learned foreign language.
To conclude, we found a significantly higher SNR and pitch strength of the subcortical auditory response to speech sounds in individuals with a low serotonin transporter expression, compared with those with medium to high expression, with both measures pinpointing toward more accurate speech encoding at subcortical stages of the auditory pathway in the former group. While experience-dependent plasticity of subcortical sound and speech encoding has been shown in an established line of research, the involvement of the 5-HTTLPR polymorphism adds a new layer to the understanding of how the interplay of different hardwired and experiential factors shapes a function as complex as speech encoding. Future studies should aim at establishing the extent to which auditory processing at subcortical stages is influenced by the genetic makeup, and how genetic expression can be modulated by experience-dependent plasticity.
